PIV experiments were conducted to study the coalescence of single drops through planar liquid/liquid interfaces. Sequences of velocity vector fields were obtained with a highspeed video camera and subsequent PIV analysis. Two ambient liquids with different viscosity but similar density were examined resulting in Reynolds numbers based on a surface tension velocity of 10 and 26. Prior to rupture, the drops rested on a thin film of ambient liquid above an underlying interface. After rupture, which was typically offaxis, the free edge of the thin film receded rapidly allowing the drop fluid to sink into the bulk liquid below. Vorticity generated in the collapsing fluid developed into a vortex ring straddling the upper drop surface. The ring core traveled radially inward with a ringshaped capillary wave effectively pinching the upper drop surface and increasing the drop collapse speed. The inertia of the collapse deflected the interface downward before it rebounded upward. During this time, the vortex core split so that part of its initial vorticity moved inside the drop fluid while part remained in the ambient fluid above it. A second ring-shaped capillary wave formed along the interface outside of the drop and propagated radially outward during the collapse. Changing the ambient fluid viscosity resulted in several effects. First, the velocity of the receding free edge was smaller for Mohamed-Kassim and Longmire, to appear in Physics of Fluids, 2004 2 higher ambient viscosity. Second, the pinching of the upper drop surface caused by the shrinking capillary ring wave was stronger when the ambient viscosity was lower, and this resulted in a higher maximum collapse speed and higher vorticity values in the dominant vortex ring.
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I. INTRODUCTION
Drop coalescence occurs commonly in many industrial mixing and separation systems as well as in the environment. Individual drops may coalesce with one another or with a larger volume at a relatively flat interface. In this paper, we focus on drops that are initially surrounded by a liquid medium. The surrounding liquid must be driven out of the gap between two fluid bodies before they can coalesce. If the gap width is reduced to sub-micron scale, molecules at the interfaces can rearrange allowing the coalescence to occur. In either the case of colliding drops or the case of a single drop impacting a flat interface, the interaction time must be sufficient for the liquid film in the gap to drain.
Otherwise, the volumes will not coalesce.
Recently, a number of experimental studies have been performed on coalescence between colliding drops 1,2,3,4 Yang et al. 3 examined the coalescence of equal-sized drops under creeping flow conditions using a four roll mill apparatus. The rollers were controlled to generate combinations of straining and shear flow that drove two drops toward each other. Drops traveling toward each other with a normal offset distance would coalesce only if the initial offset was very small. Then, the drops would contact and rotate about each other over sufficient time that the film between them was able to drain. In addition, the collision had to be gentle: minimal surface deformation supported relatively quick drainage time and eventual coalescence. A quantitative measure to determine coalescence was given by a capillary number Ca such that 
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where P s was the surrounding ambient viscosity, G was the flow strain rate, D was the undeformed drop diameter, and V was the interfacial tension. Coalescence would occur 4 only if Ca was below a critical value which decreased with increasing offset. Using the same apparatus, Hu et al. 4 found that coalescence was inhibited if interfacial tension was reduced by the presence of surfactant on the interface.
In this paper, we focus on drops driven by gravity through a surrounding liquid to interact with a second liquid lying beneath an initially flat interface. Although the drops typically approach the interface with some velocity and internal circulation, the drop velocity and associated vorticity are dissipated well before the drops coalesce. This behavior is in sharp contrast to that observed for drops falling through gases onto liquid surfaces where coalescence occurs immediately after impact, and thus the initial drop motion and kinetic energy have profound effects on the resulting flow outcome and topology. 5, 6, 7, 8, 9, 10 The initial conditions in the liquid/liquid flow thus consist of a nonspherical drop suspended above a deformed interface. Between the drop and the interface is a thin film of liquid that must drain radially outward prior to drop rupture. In contrast to the case of colliding drop pairs, the film is not planar, but curved into a lens-like shape.
A number of previous studies have attempted to model the time required for film drainage where typically the drainage was assumed to be axisymmetric 11, 12, 13, 14 In a computational study based on a boundary integral method, Chi and Leal 15 found that, for a low Reynolds number flow (Re << 1), the radial variation in film thickness depended mostly on the viscosity ratio O between the drop and the surrounding liquid. Re was defined as
where U s was the ambient density and U c was the terminal Stokes velocity. They reported that the film was thinnest at the center for O = 0.1, approximately uniform for O = 1.0, and thinnest at a rim of finite radius for O = 10. In experimental studies, Hartland found that rupture occurred near the rim, which was the thinnest point within the film, when O = 4.76 and 45.9 (drops ruptured near the film center only twice out of more than 100 experiments). 16 Sometimes, a secondary minimum in film thickness occurred at the center especially with large drops.
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When the drop eventually ruptures, its outer surface connects to the underlying interface yielding a ring-shaped edge of thin film with a very small radius of curvature.
This edge generates a large capillary pressure of order 4V/h f where h f is the local thin film thickness. The capillary pressure thus causes a rapid retraction of the remaining film.
Hartland measured the film retraction speed for O = 4.76 and 45.9. He found that the measured speed could be modeled reasonably well by equating interfacial tension with viscous forces. 17 Charles and Mason 18 measured the film retraction speed for O = 1.48
showing that it decreased with increasing radius of the hole created by the expanding thin film edge. The behavior of the retracting film in liquid/liquid flow contrasts with outward jetting behavior in liquid/gas flows that has been observed computationally 8 and experimentally 10 . Thoroddsen concluded that the jet originated from the underlying liquid layer and not the drop liquid. 10 In the liquid/gas flows, the dominant mechanism in generating the outward jetting behavior was inertia (as opposed to capillary forces).
Weiss and Yarin found that significant capillary forces compared with inertial forces would act to suppress jetting and instead influence outward stretching in the neck region between the drop and the bulk liquid.
same sign. Vortex ring formation was observed in experimental studies of initially stationary drops collapsing in gas/liquid flows 19 . Also, Anilkumar et al. 20 observed drops falling through an immiscible liquid before resting on and eventually rupturing at a liquid/liquid interface. In their flow, the fluids and drop size were chosen such that the potential energy associated with the drop fluid immediately after rupture was less than 6% of the surface energy. The drop fluid was observed to form a vortex ring that penetrated to a certain depth below the remaining interface. The measured penetration depths agreed well with predictions based on an energy balance between surface and viscous forces.
Additional studies on drops falling through gases and penetrating into underlying liquids have discussed mechanisms for vortex ring formation associated with the penetration. Thomson and Newall 21 postulated that a vortex film existed across the drop surface during the coalescence; the vortex film then diffused into the surrounding liquid forming the vortex ring. However, there was no mention of how the vorticity was initiated in the first place. Chapman and Critchlow 22 suggested that vorticity was generated due to normal pressure gradients (as a result of surface tension effects) that accelerated the drop downward. Peck and Sigurdson 23 later pointed out that a kinematic condition was required across the boundary layer next to an interface for a jump in vorticity ('Z). In steady flow, the condition is given by
where N is the surface curvature and q is the tangential fluid velocity. Based on this boundary condition, Creswell and Morton 24 argued that as the drop impacted and penetrated into the receiving liquid through an 'opened' contact region, the curved drop surface 'turned' the moving drop fluid towards the contact region. Here, the curved streamline generated vorticity to maintain zero viscous stress at the free surface. Since the penetration occurred immediately at impact, the velocity jump between the drop fluid and the receiving fluid had to be on the order of the impact velocity, which in turn determined the amount of vorticity generated. We are not aware of any experiments where a vorticity field associated with a penetrating and collapsing drop has been measured.
In the current investigation, the objective was to determine the velocity and vorticity fields through coalescence events in order to quantify the generation and evolution of vorticity as well as to provide test cases for numerical simulations that attempt to simulate the coalescence process. The Particle Image Velocimetry (PIV) method was employed to determine vertically-planar velocity fields of drops surrounded by liquid ambients that underwent coalescence. Our high-speed video camera was able to track the extremely rapid thin film retraction following rupture and the interfacial deformation during drop fluid collapse into the underlying liquid. Velocity field data permitted quantification of vortex ring formation, flow evolution, and vorticity evolution through the coalescence process. With the exception of measurements made in a microscale flow 25 , we believe these data are the first to quantify local velocities within drop fluid during a coalescence event.
II. EXPERIMENTAL METHODS
A. Facilities
A transparent glass tank of 40 cm square cross section and 30 cm height was used in our experiment (see Fig. 1 ). The large tank cross section was important to ensure that reflections of any interfacial waves on the walls were negligible. Measurements of the liquid properties are discussed in more detail in a separate paper 26 .
Small seed particles of titanium dioxide (1 Pm diameter, 3.5 g/cm 3 density) were mixed into all liquids to 'track' the fluid motion in the PIV experiments. The drop was dyed with a very small amount of Rhodamine 6G to make it visible against both bulk liquids.
The bulk layer of water/glycerin was dyed with a smaller concentration of Rhodamine 6G. Table I lists the properties of the various liquids used.
Drops were generated through a small cylindrical glass tube placed above the oil/air surface as shown in In order to obtain high-quality images near the bulk liquid/liquid interface, a closedloop peristaltic pump was used to 'clean' seed particles from the interface before each PIV experiment. Nevertheless, some particles settled onto the bulk and drop surfaces during each experimental run. Typically, a large number of runs were completed for a given case, and those with smaller surface seeding were chosen for PIV processing.
To capture the fluid motion, we utilized a high-speed digital video camera (NAC Memrecam c.i. with 572 x 432 pixel array) and a pulsed Nd:YLF laser. A vertically planar cross-section passing through the drop center was illuminated with a thin laser sheet (thickness ≈ 1 mm) formed through a set of spherical and cylindrical lenses. The laser and the camera were synchronized and operated at 500 Hz. Both the laser sheet and camera were inclined upward to illuminate and view, respectively, the drop from below (see Fig. 1a-b ). This arrangement eliminated optical distortions near the bulk interface caused by small variations in the refractive indices. An important feature of the video camera is its continuously updated recording buffer. The camera could be triggered to store a sequence of images recorded before, during, or after any event. Since the time of rupture was somewhat unpredictable, we were able to capture the rupture process by triggering after the event.
B. Experiments and PIV parameters
Two camera objectives were used to obtain low and high magnification images of the drop and its surrounding liquids (the image sizes are tabulated in Table II For the low magnification experiments, the total uncertainty in calculating a velocity vector was 0.053U 8 and 0.051U 8 for the lower and higher ambient viscosity, respectively (see Section III.A for a definition of U 8 ). For the high magnification experiments, the total uncertainty in calculating a velocity vector was 0.026U 8 and 0.025U 8 for the lower and higher ambient viscosity, respectively. The total uncertainty in calculating a velocity vector was dominated by uncertainty in Gaussian peak-fitting during cross-correlation. Other contributors were uncertainty in the magnification measurements and the slight camera inclination. Since the camera was inclined at an angle, the vertical velocity measurement could be affected by flow perpendicular to the laser sheet plane. However, the out-of-plane velocity was very small except near the collapsing drop axis if the sheet were misaligned (see Section III.C for details). We estimated that the maximum out-of-plane velocity yielded an uncertainty of 0.04U 8 .
However, this occurred only when the drop collapse rate was at a maximum in the lower viscosity ambient (otherwise, the out-of-plane uncertainty was negligible compared to the peak-fitting uncertainty). This uncertainty was based on a possible laser sheet misalignment of 0.5 mm from the drop center.
The 'in plane' velocity measurements could also be affected by the large velocity (> 100 cm/s) of the receding interface edge during rupture. First, the relatively long 't of 2 ms could not resolve this large velocity. Second, out-of-plane motion of the receding free edge could make in-plane PIV measurements impossible at that location. In our analysis, the calculated velocity vectors at these locations were often considered as 'bad'. These bad vectors were eliminated and corrected using either additional correlation peaks or interpolation. 26 We encountered at most 3% bad vectors per image occurring mainly near the receding film edge and near the upper drop surface during coalescence where strong gradients were present. The bad vectors were found mostly before the upper drop surface reached its maximum collapse speed (defined in Section III.C).
III. RESULTS AND DISCUSSION
A. Governing Parameters
In Table III 
The key difference between the two experimental cases is the viscosity ratio O P d P s . A measure of the ratio of inertial to viscous forces is given by a surface tension Reynolds number (Re) defined as
Due to varying drop diameters in different experimental runs, an average volumeequivalent spherical drop diameter D of 1.03 ± 0.015 cm is used to represent the results.
In the results presented below, length is scaled with D, time with t 8 , and velocity with U 8 .
B. Scaling Analysis
In contrast to the experiments examining water drops in air that impact and coalesce instantaneously, the drop in our experiment is essentially motionless prior to rupture. 
where T ≈ 2 ms is the estimated time scale over which the process occurs. The resulting thickness G is less than 1 mm (0.95 mm and 0.6 mm) for both cases. Once the thin film completely disappears, the circular rim connecting the drop and the bulk interface moves outward due to its high local surface curvature (see Figs. 3c and 3d) .
In Figs. 4 and 5, the outlines of the drop fluid boundary and the interface obtained from the low magnification experiments are shown sequentially for the two viscosity ratios, O = 0.14 and O = 0.33 (the sizes of the images are tabulated in Table II ). Prior to rupture, the line between the drop and the interface represents the thin film between them.
Immediately after rupture, the break in the line shows the interfacial opening created as the free edge of the film recedes (Figs. 4b and 5b ). In the remaining images, the interface between the drop and the lower fluid has disappeared completely, but the drop fluid boundary is marked by a dashed line. To obtain these outlines, the drop and bulk interfaces from the actual PIV images were marked with small dots. Then, using Matlab software, curves were fit through the dots with cubic smoothing spline functions. In Fig.   6 , the normalized height of the upper drop surface on the centerline relative to the quiescent interface location, h u , is shown for both viscosity ratios. The corresponding rate at which h u decreases is given by
Prior to rupture, the drop shapes are identical for both viscosity ratios ( 
This parameter thus characterizes damping effects of drop viscosity which tend to suppress partial coalescence. 
D. Vorticity Generation and Evolution
The velocity vector plots obtained from high magnification experiments immediately after rupture are shown in Figs. 10a (O = 0.14) and 10b (O = 0.33). In these plots, drop fluid above the thin film moves radially inward and into the bulk liquid below due to the gravitational and surface tension forces described in Section III.B; the drop fluid is sinking at an average speed of approximately 0.3U 8 . In the PIV results, the thin films near the receding free edges are moving upward at approximately the same velocity that the drop fluid is moving downward. At this point, we cannot be certain of why this is happening other than that the interface is moving upward to displace the drop fluid that is flowing downward. In Fig. 10b , the right receding edge reaches the outer rim of the film connecting the bulk interface with the drop surface; at this point, the highly curved surface of the rim moves outward at a speed of approximately 3. In both cases, a vortex ring straddles the upper drop surface and contracts radially inward along with the capillary wave mentioned earlier. When the ambient viscosity is lower, the maximum vorticity magnitude occurs when V u is maximized (see Fig. 12h );
the maximum vorticity value is approximately 87U 8 /D. On the other hand, when the ambient viscosity is higher, the maximum vorticity magnitude decreases as V u approaches a maximum. In this case, the maximum value of Z z is approximately 34U 8 /D at 0.15t 8 (see Fig. 12b ) and 25U 8 /D at 0.33t 8 (see Fig. 12d ).
After the interface center moves below the equilibrium height, the maximum vorticity magnitude decreases due to viscous dissipation. Also, the deflected interface begins to generate vorticity that opposes the dominant vortex ring (this can be seen clearly in Figs. 13b and 13d) . The dominant ring begins to split into two -one located above the interface and the other in the drop fluid beneath the interface (see Figs. 13a-f ).
The maximum Z z inside the drop is approximately 3U 8 /D for O = 0.14 and 7U 8 /D for O = 0.33 when the interface achieves its maximum downward deflection (Figs. 13c, 13f ).
When the interface rebounds upward (not shown), the circulation of the lower vortex ring continues to advect the drop fluid downward. The maximum Z z inside the drop fluid has decreased to approximately 2U 8 /D for both cases when the interface finally comes to rest.
At the same time, the upper ring of like sign has completely dissipated, and the opposing ring on the interface has a maximum vorticity of approximately 2U 8 /D for both cases.
This ring expands to a diameter of less than 1.0D. The rotation patterns for both flow cases can also be observed in the EPAPS movies.
IV. SUMMARY AND CONCLUSIONS
PIV experiments were conducted on the rupture and coalescence of a drop through a planar liquid/liquid interface. A high-speed video camera with a closed-loop recording buffer allowed us to record the events before and after rupture in a single sequence and therefore to obtain continuously evolving velocity fields within the drop and the surrounding bulk liquids.
Before rupture, the drops were essentially motionless above the interface. After the interfacial rupture, which was typically off-axis, a capillary force pulled the free edge of the thin film outward at a velocity of more than 20U 8 , rapidly forming a large opening beneath the drop fluid. This opening allowed the drop fluid to sink into the bulk liquid below due to excess pressure inside the drop. Scaling analysis showed that the excess pressure was caused by both gravitational and capillary effects.
Once the receding free edge approached the outer rim, two ring-shaped capillary waves were generated: one that expanded radially outward along the bulk interface and one that propagated radially inward on the upper drop surface. The inwardly propagating wave generated a peak on the interface near the centerline increasing the local surface tension force and subsequently increasing the collapse speed of the drop fluid. The sharpness of the interface peak and resulting downward acceleration were stronger for the case with lower viscosity fluid above the interface. The maximum downward speed at the center of the interface was 8.0U 8 for the lower viscosity ambient and 3.7U 8 for the higher viscosity ambient. The wave behavior observed was similar to that observed in previous experiments on drops rupturing at gas/liquid interfaces 28, 29 . A key difference, however, is that in the current experiments, no 'partial coalescence' or formation of secondary drops occurred. This is most likely due to damping of the inward propagating wave by the liquid layer above the interface. The lack of partial coalescence was correlated with relatively high values of Bo/Re Av (= 0.3 and 0.15) in our cases.
The PIV experiments were not able to fully resolve the initial vorticity generated by the retracting thin film after rupture where the vorticity thickness was estimated as submillimeter. However, they were able to quantify and track the evolution of the dominant vortex ring associated with the collapsing drop fluid. This ring, which first straddled the interface, was centered on the inward-moving capillary wave until it reached the centerline. The maximum vorticity value (≈ 87U 8 /D) for the case with lower ambient viscosity occurred when the interface centerline reached its maximum collapse speed which coincided approximately with the interface crossing the equilibrium height.
On the other hand, in the case with higher viscosity ambient, the maximum vorticity value (≈ 34U 8 /D) occurred before the interface centerline crossed the equilibrium height.
Thus, early dissipation was significant in this case.
In both cases examined, the inertia of the collapse deflected the interface downward before it rebounded upward. The maximum deflection distance was 0.24D in the lower viscosity ambient and 0.17D in the higher viscosity ambient. During this period, the deformed interface generated vorticity opposing the dominant vortex ring effectively splitting it in two. The opposing vortex ring eventually expanded slightly to a diameter of about 1D. Meanwhile, the dominant ring was split into a stronger core located inside of the original drop fluid and a weaker dissipating core above the opposing ring. The remaining interface eventually came to rest while the drop fluid and the vortex ring within it continued to sink slowly downward. Typically, the drop fluid moved off axis as it sank which was consistent with the original off-axis rupture. 
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